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This thesis contains two sections of experimental results and discussion. In 
the first section (Chapter 3), two methods of preparing gold-silver alloy 
nanoparticles capped with thiols and dispersed in an organic solvent were 
introduced. The results of the two methods were compared in terms of the 
monodispersity of the particles obtained and the controllability of their properties. 
The difference in the results obtained was also explained based on the proposed 
mechanisms of nucleation and growth of the particles. This work is motivated by 
a desire to develop a fast, efficient and novel method to prepare alloy 
nanoparticles which are known to have many potential applications. 
In the second section of this thesis, results of the optical characterization 
of the prepared alloy nanoparticles are presented.  Nanosecond and femtosecond 
lasers are used as the excitation sources in this section of study. Optical limiting 
measurements as well as ultrafast electron relaxation dynamics studies are done. 
The focus is to determine if the alloy and monometallic nanoparticles prepared 
exhibit optical limiting effect, and also to compare the effect across the particles 
of different metal ratios. As for the electron relaxation dynamics of the 
nanoparticles, besides focusing on the overall dynamics of the nanoparticles, 
comparison between particles of different metal ratios is also made. Although 
there have been various reports on the relaxation dynamics of noble metal 
nanoparticles, most were concentrated on studies done in the aqueous solvent. 
The work presented here is performed in the organic phase and the results 
vi 
 
obtained should make some contribution to existing knowledge, since the solvent 
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Chapter 1 Introduction 
 
1.1 Gold-Silver Alloy Nanoparticles 
Bimetallic nanoparticles exhibit significant catalytic properties
1-4
 due to 
the synergistic effect of the metals. They are also indispensable in the field of 
electrocatalysis,
5,6
 have been found to exhibit optical limiting properties
7
 and are 
suitable for use in biodiagnostics.
8
 They belong to a class of versatile materials 
whereby different chemical and physical properties can be acquired by simply 
changing the composition of the material. With this versatility and the enhanced 
properties of bimetallic nanoparticles, a myriad of opportunities exist to tap into 
their potential applications. 
Broadly, bimetallic nanoparticles consist of two types: alloy particles 
where the two metals are mixed in the same region of space, and core-shell 
nanoparticles where the core and shell material differ. Alloys can be further 
subdivided into segregated nanoalloys and mixed A-B nanoalloys
9
 (see Figure 
1.1). In the former case, the atoms of one metal are segregated from the atoms of 
the other metal, combining via only an interface. In the latter case, the atoms of 
both metals are mixed together, either orderly or randomly. The atomic 
arrangement in the alloy nanoparticles formed depends on the preparation 
methods and experimental conditions. Other factors include the relative atomic 
 2 
 
sizes of the two metals, strength of bonding between the metals and with the 
surfactants, as well as the surface energies of the metals.  
 
For the gold-silver system, due to the similar lattice constants of gold and 
silver (2.36Å for Ag and 2.35Å for Au) and the similar atomic size, they are 
expected to be miscible in all proportions. Furthermore, both silver and gold have 
the fcc structure. However, due to the similarity in the lattice constants, X-ray 
diffraction (XRD) could not be used to differentiate the alloys from the pure 
metals as the peaks would appear at the same positions. In fact, it has been 
reported that there has been no obvious contrast/peak shift in the high-resolution 
transmission electron microscopy (HRTEM) image/XRD spectrum upon 






Figure 1.1 Illustration of the possible structures that alloy nanoparticles can attain: 
(left) segregated nanoalloy (right) randomly-mixed A-B nanoalloy 
                        
Hence, to distinguish AuAg alloy nanoparticles from core-shell particles 
or a mixture of Au and Ag particles, UV-visible absorption spectroscopy is 
frequently employed. A mixture of separate Au and Ag nanoparticles would give 
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rise to two absorption peaks. The Plasmon oscillation in the alloy particles is a 
hybrid resonance that results from the excitation of the conduction and d-band 
electrons.
11
 Hence for alloy nanoparticles, only one band will be observed in the 
spectrum between that of pure Au and Ag, which red-shifts when the percentage 
of gold increases.
12-16
 Even for AuAg alloy particles < 2 nm, a single absorption 
peak was obtained at a λmax value intermediate of that for pure Ag or Au.
17
. On 
the other hand, < 3 nm core-shell particles exhibit two absorption peaks, one for 
each of the Au core and Ag shell. Only when there is a large excess of Ag shell 
was there a disappearance of the Au Plasmon and the presence of a single peak at 
the position of Ag absorption. This is consistent with the results for larger core-
shell nanoparticles, where two peaks were observed near the energies of the 
absorption bands of the parent metals.
18-21
  
In fact, the occurrence of a single band in the UV-visible absorption 
spectrum and its dependence on the composition of the alloy offers a tunable 
optical spectrum. It is known that the peak position of Plasmon absorption of gold 
nanoparticles cannot be readily correlated to the size of the particles,
11
 and it has 
been previously shown that the Plasmon band position of spherical gold or silver 
nanoparticles only changes slightly when their sizes change within the range of 1 
nm to 100 nm.
15
 Hence should absorption at a particular wavelength be needed, 
alloy nanoparticles can be used, as the peak position of the Plasmon absorption is 
strongly dependent on the composition of the alloys. The application of such 
tunable Plasmon absorbance lies in systems such as bio-labels and biosensors. 
Absorbance of light at a specific wavelength also finds many applications such as 
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in the production of marker materials which can provide unambiguous 
identification. 
 
1.1.1 Preparation of AuAg Alloy Nanoparticles 
Several methods have been employed to prepare AuAg alloy nanoparticles. 
The most common would have been the co-reduction of HAuCl4 and AgNO3 in 
the presence of hydrazine,
13
 citrate in an aqueous solution,
12,15,22,23
 and the 
photochemical method.
20
 The direct use of the two metal salt precursors has the 
disadvantage of having to take precaution against the formation of silver chloride, 
which can lead to a failure in the synthesis.  
The precipitation of silver chloride has been overcome by using methods 
such as laser ablation of bulk alloys which also resulted in the formation of alloy 
nanoparticles.
24
 The particles synthesized are however, not monodisperse. 
Recently, synthesis of alloy nanoparticles has also been achieved by a 
replacement reaction between silver nanoparticles and the gold metal 
complex.
16,25
 Heating silver and gold precursors in oleylamine also yielded alloy 
nanoparticles.
26
 However, the silver precursor had to be added in great excess in 
order to compensate for its slower reduction and this results in an unpredictable 
composition of the final nanoparticles. Digestive ripening of core-shell Au/Ag 
nanoparticles in 4-tert-butyltoluene for 8 hours also can lead to the formation of 
alloys.
27
 This is similar to a previous work of annealing core-shell Ag/Au 
nanoparticles in oleylamine at 100 
o










 have also been prepared. However, the reaction 
time for these procedures takes several hours.   
In contrast to alloy particles, the procedure for core-shell particles 
synthesis involves the deposition of the shell metal onto the core metal 
particles
10,18,19,21,28
 This should not be confused with a seeding method 
29-31
 which 
involves a separation of nucleation and growth, hence resulting in monodispersity. 
In a seeding method, small particles are first prepared and act as seeds on which 
further growth of a metal occurs. By inhibiting further nucleation and controlling 
the growth of the particles, monodispersity can be achieved. 
 
1.2 Metal Alkanethiolate Polymers 
The reaction between HAuCl4 and alkanethiols gives rise to gold (I) 
alkanethiolate which has an ordered bilayered structure, where each Au atom is 
bonded to two S atoms and vice versa.
32
 This is similar to the structure of silver (I) 
alkanethiole
33-35
 which can also be formed by mixing a silver salt with an 
alkanethiol. The polymeric structures exhibited by the alkanethiolates are as 













Figure 1.2 Polymeric structure of a metal alkanethiolate. The metal atoms are 
represented by the orange circles and the sulphur atoms are represented by the 
blue circles. The alkyl chains are represented by the zigzag lines. d represents the 
interlayer spacing in the bilayered polymer. 
 
The metal alkanethiolates can be synthesized simply by mixing an excess 
of the alkanethiol with the metal precursor, according to this equation for gold
36
:  
HAuCl4 + 3RSH  Au(I)-SR + RS-SR + 4HCl    (Equation 1-1) 
It has been found that the synthesis can be completed in as short a time as 
five minutes, which motivates us to use it as a precursor for further synthesis. The 
polymeric structures formed are stable and can be used for further reduction into 
nanoparticles. As the alkanethiols are directly bonded to the metal in the polymer, 
they can function as the surfactant for the particles thus synthesized, eliminating 




obtained from the Au (I) alkanethiolates under electron beam radiation
37





1.3 Laser Fundamentals and Non-linear Spectroscopy 
The word “laser” is an acronym for “light amplification by stimulated 
emission of radiation”. The high intensity of light generated from the laser arises 
from the laser cavity which comprises of a pump, gain medium and optical cavity. 
The gain medium could be a crystal, gas or glass. The pump excites the molecules 
in the gain medium, which upon relaxation, emit a photon. This photon can 
further stimulate the emission of another excited molecule. Both photons can then 
go on further to stimulate emission. This chain process takes place within the 
cavity bounded by reflecting mirrors on both sides. The laser light is amplified in 




Figure 1.3 Illustration for stimulated emission process taking place in a laser 
cavity 
 
There are several types of laser available for research. One of them is the 
neodymium-doped yttrium-aluminium-garnet (Nd:YAG) laser in which the gain 
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medium is the YAG crystal doped with neodymium. The wavelength of emission 
is in the infrared region at 1064 nm. Another commonly-used laser is the 
Titanium sapphire (Ti:sapphire) laser where the gain medium is sapphire doped 
with titanium. This laser is capable of producing ultrashort pulses in the 
femtosecond range and operates at a wavelength near 800 nm. The existence of 
laser makes possible studies of non-linear spectroscopy. The following is a brief 
review of non-linear spectroscopy. For non-linear optical materials, their response 
to an applied optical field depends non-linearly upon the strength of the optical 
field at high light intensity.  
The induced polarization P of a material can be expressed in terms of the 
electric field strength E, according to this equation: 
P = ε0 (χ
(1)E + χ(2)E2 + χ(3)E3 + …)     (Equation 1-2) 
where ε0 represents the dielectric permittivity,  χ
(1)
 represents the linear 
susceptibility, χ(2) and χ(3) represent the second- and third-order non-linear 
susceptibilities, respectively. The order of the non-linear susceptibilities is as 
follow: 
χ(1) >> χ(2) >> χ(3)… 
At low light intensity, the linear term is the dominant contribution.  The induced 
polarization P of the material depends linearly on the electric field strength E: 
P = ε0χ
(1)
E        (Equation 1-3) 
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At high light intensity, the higher-order terms become significant and will also 
contribute to the induced polarization, resulting in a non-linear optical response. 
The second- and third-order nonlinearities are the most widely studied due to the 
large range of applications. 
 
1.4 Optical Limiting Properties of Nanoparticles 
Optical limiting materials are those that decrease the transmittance of light 
through them at high light intensity. At low fluence, the materials exhibit linear 
transmission. However, at high fluence, transmission decreases. They have the 
potential to be used as eye protection against high power laser sources as well as 
in optical switching. The main mechanisms behind optical limiting properties 




In non-linear scattering, the incident beam of light is dispersed into a 
wider region, which reduces the intensity of the transmitted beam. It has been 
stated that scattering centres with sizes of the order of the wavelength of the laser 
beam need to be formed before scattering can occur. These scattering centres 




Multi-photon absorption involves the simultaneous absorption of two or 
more photons to be excited. At higher laser intensities, the two-photon absorption 
 10 
 
cross section of a material will increase, resulting in a decrease in transmittance. 
Free carrier absorption occurs mainly in semiconductor and metal nanomaterials. 
It is due to the generation of electron/hole pairs by excitation of the material to 
form carriers, which can be further excited. This increases the absorption of light 
and decreases its transmittance. Reverse saturable absorption is a phenomenon 
which can be attributed to free carrier absorption. It occurs when the excited state 
absorption is greater than the ground state absorption, resulting in enhanced 
absorption and decreased transmittance. Each of the discussed mechanism of 
optical limiting phenomenon may couple with others in the same material to 
enhance the optical limiting effect. 
Materials that exhibit optical limiting effect include organic dyes,
40
 
carbon-based materials such as fullerenes
41






AuAg alloy nanoparticles have not been extensively studied for their 
optical limiting properties. There have been very few reports regarding the optical 
limiting properties of the alloys. In one of the reports, gold, silver and their alloys 
protected by thiols were studied.
44
 It was found that the alloys are less efficient 
compared to the pure metal particles for optical limiting, and silver is better than 
gold in the efficiency. The optical limiting effect of the nanoparticles has been 
attributed to free carrier absorption. 
The optical limiting properties of AuxAgy@ZrO2 core-shell nanoparticles 
have also been studied using nanosecond laser pulses at 532 nm.
7
 It was found 
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that the alloys exhibit optical limiting properties and the oxide layer offers 
protection of the nanoparticles from the intense radiation. Nonlinear scattering is 
identified as the mechanism contributing to the optical limiting effects. 
 
1.5 Ultrafast Electron Dynamics of Nanoparticles 
The advent of the femtosecond laser makes possible the study of ultrafast 
non-linear optical processes and electron relaxation dynamics in nanocrystals 
which takes place in the order of few hundred femtoseconds and the picoseconds 
range. Understanding the electron dynamics of materials is important in the areas 
of electrical and thermal transport in materials, and also in the photothermal 
therapy of cancer whereby cells tagged with gold nanoparticles can be killed 
when irradiated with laser. It is believed that the nanoparticles absorb light energy 
upon irradiation, following which, electron-phonon and phonon-phonon 
relaxation occur and result in the heating and destruction of the cells.
45
  
The ultrafast dynamics of gold and silver nanoparticles have been studied 
extensively.
11,46-51
 Time-resolved spectroscopy allows one to study the electron 
relaxation dynamics and a pump-probe setup can be used for this purpose. In a 
pump probe experiment, the femtosecond pump laser pulse excites the electrons 
onto the conduction band in the material, following which, the hot electrons 
exchange energy with each other to form an internally thermalized distribution.
44
 
This is known as electron-electron relaxation whereby the absorbed energy is 
spread over the entire electronic system. After this electron thermalization process, 
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the electrons further lose energy by thermalizing with the lattice through electron-
phonon coupling. Finally, phonon-phonon coupling takes place in which the 
lattice loses energy by interacting with the surrounding medium. The probe pulse 
is used to monitor the relaxation of the electrons back to equilibrium after 
excitation. 
 During the electron-electron coupling process, the non-Fermi electron 
distribution thermalizes to a Fermi distribution. It is extremely fast and occurs at 
500 fs for bulk gold and 350 fs for bulk silver.
52
 However, it is only detectable at 
low excitation power and at longer excitation wavelength where intraband 
excitation occurs.
46
 An interband transition does not allow such a phenomenon to 
be followed. Electron-phonon scattering takes place on the order of a few 
picoseconds (1 - 4 ps)
52
 and phonon-phonon coupling within several hundred 
picoseconds.
51
 Phonon-phonon coupling has been found to be proportional to the 
square of the particle radius.
53
 It is however incorrect to view the electron-
electron coupling and electron-phonon coupling as separate sequential processes 
as they occur on a comparable time scale and possibly simultaneously.
11
 
The size dependence of electron-phonon scattering has also been studied. 
Theoretically if the nanoparticle is smaller than the mean free path of an electron, 
a faster relaxation should result since the electron-surface scattering is enhanced. 
However, some authors have reported no size dependence of the electron-electron 
relaxation and electron-phonon relaxations in gold nanoparticles.
46
 One 
possibility is the elastic scattering between the electron and the surface, which 
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does not lead to a loss of energy of the electron. Another reason could be due to 
the presence of defect structures (twin boundaries and stacking faults) in the 
nanoparticles, where electron-defect scattering can occur. This can counter the 
size effect since there can be several crystal grains in the nanoparticle. It was also 
mentioned that as the particle size increases, both the electronic heat capacity and 
the electron-phonon coupling also increase, as a result, the decay time which 
depends on the ratio of these two quantities remains constant.
50
 On the other hand, 
a reduction of the electron-phonon relaxation time of silver nanoparticles was 
found as the size decreases.
54
 This was attributed to increased electron-surface 
scattering in smaller particles. 
The electron-phonon relaxation is found to be pump power dependent. It 
was found that a higher pump power results in increased electron temperature and 
hence increases the relaxation time. This is because the electronic heat capacity 
increases with electron temperature and hence the rate of cooling decreases at 
higher pump power.
50
 It was also found that aggregation of the particles, which 
influence the interparticle distance, also has an effect on the relaxation dynamics. 
The relaxation time increased with increasing aggregation.
48
 
For electron-electron scattering, the power dependence is opposite to that 
of electron-phonon scattering. A higher pump power results in faster electron-
electron scattering. This is attributed to the fact that a larger pump power leads to 
higher electron temperatures which increases the number of empty electronic 
states at the Fermi level.
47
 In this way, the rate of electron-electron scattering is 
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increased as there are more unoccupied sites which serve as final states of the 
relaxation process. The relaxation time for electron-electron scattering in gold 
nanoparticles has been detected when the excitation energy is made smaller such 
that interband transitions are not possible. This is because an interband transition 
leads to a greater perturbation of the electron distribution, complicating the 




The ultrafast electron dynamics of AuAg alloy nanoparticles have been 
studied in an aqueous solution and found to be similar to that of gold 




1.6 Objective of This Thesis 
In this thesis, two similar methods of preparing AuAg alloy nanoparticles 
are presented. One of the methods allows for fast and facile synthesis of 3.5 - 6 
nm monodisperse alkanethiolate-protected AuAg alloy nanoparticles using metal 
alkanethiolates. Our work is motivated by the monodispersity of the Au 
nanoparticles obtained from the heating of Au (I) dodecanethiolate nanotubes in 
hexadecylamine
55
 and the monodispersity achieved by using a seeding method. 
The other method does not involve the seeding procedure but makes use of the 
same precursors as the seeding method. The total time for reaction in both 
methods takes less than 30 minutes and the combined reduction of HAuCl4 and 
AgNO3 is avoided, which freed us from the limitation of having to control the 
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concentration of the metal precursors. This greatly simplifies the preparation 
procedure and enables the mixing of the precursors in any ratio, such that tunable 
optical spectra of the nanoparticles can be obtained.  
The optical properties of the AuAg alloy particles prepared via the non-
seeding method were characterized. Their optical limiting properties and electron 
relaxation dynamics were studied using nanosecond and femtosecond lasers 
respectively. Comparison between the alloys and monometallic particles was 
made. 
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Chapter 2 Experimental Details 
 
2.1 Introduction 
In order to analyze the materials prepared, we have used several laboratory 
techniques such as Transmission Electron Microscopy, X-ray Diffraction and 
laser spectroscopy. The results from the characterization allow us to elucidate the 
structure of the materials formed, as well as to explore their potential applications. 
This chapter describes the characterization techniques employed. 
 
2.2 Transmission Electron Microscopy 
 The transmission electron microscope (TEM) allows one to characterize 
the appearance of materials synthesized. In the sample preparation process, a drop 
of the liquid containing the material to be analyzed will be cast onto an ultra thin 
film, such a copper mesh grid coated with formvar. In the microscope, electrons 
generated by heating a filament in vacuum will reach the copper grid after being 
focused by a series of condenser lens. An image based on contrast will be 
produced. In high-resolution transmission electron microscopy (HRTEM), 
imaging of the lattices of particles of metals or semiconductors is possible. With 
the atomic scale resolution of the equipment, one can gain information regarding 
the structure of the material, such as its crystal system. 
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In our experiments, the particle size and morphology of the prepared 
nanoparticles were characterized by both TEM (JEM-2010) and HRTEM (JEM 
2100F), operated at an accelerating voltage of 200 kV. One to two drops of the 
nanoparticle suspension in toluene was cast onto a copper grid and air-dried under 
normal laboratory conditions before the analysis. 
 
2.3 Ultraviolet-Visible Absorption Spectrometry  
 The absorption properties of the alloy nanoparticles were characterized 
with a Ultraviolet-visible (UV-vis) spectrometer (Shimadzu UV-2450), operated 
between 300 nm to 800 nm. Those of the metal alkanethiolates were characterized 





 A crystalline material comprises of planes in which atoms are arranged in 
an orderly fashion. When X-rays strike the crystalline material at an angle θ, 
constructive interference between the reflected waves may occur depending on 
the spacing (d) between the planes. This gives rise to a signal in the X-ray 
diffraction (XRD) spectrum.  This is represented by the Bragg equation: 
2dsinθ = nλ,         (Equation 2.1) 
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where λ is the wavelength of the X-rays and n is the number of wavelengths 
representing the path difference between two waves reflected from the crystal 
planes. Their path lengths must differ by an integral number of wavelengths in 
order for constructive interference to occur.  
As there is a series of differently-spaced planes in a crystalline material, 
the resultant diffractogram will consist of several peaks at the corresponding θ 
values. This not only gives information regarding the crystal structure of the 
material analyzed, it also enables the composition of the material to be determined. 
The metal alkanethiolate polymers prepared in our experiments were 
characterized by XRD (Shimadzu X-ray diffractometer, Model 6000 with Cu Kα 
radiation (λ= 1.5406 Å) from 0.5° to 35° at a scanning speed of 2° min-1), in order 
to obtain structural information.  
 
2.5 Infrared Spectrometry 
Infrared spectrometry primarily allows one to perform qualitative organic 
analysis and to determine the structure of molecules. This technique can give 
information regarding the functional groups present in the molecules. 
The surfactants on the nanoparticles prepared in our experiments were 
characterized by Fourier transform infrared spectroscopy, FTIR (Bio-rad FTS-
135). Fourier transform spectrometers give rise to a higher signal-to-noise ratio 
and a faster measurement. Unlike conventional spectroscopy, all the resolution 
 23 
 
elements for a spectrum are measured simultaneously in Fourier transform 
spectroscopy,
2
 giving rise to a spectrum in a shorter time, which can subsequently 
result in an enhanced signal-to-noise ratio. 
 
2.6 Inductively-coupled Plasma – Mass Spectrometry 
 In inductively coupled plasma – mass spectrometry (ICP-MS), argon is 
frequently used as the carrier gas and plasma, and its ionization is initiated by a 
spark from a coil.
2
 The sample introduced into the equipment will be nebulized by 
a stream of argon gas into tiny droplets which are carried into the plasma. Cations 
from the sample will be present in a small amount compared to those formed from 
argon. 
 In the mass spectrometer, ions of different masses will be separated based 
on their mass-to-charge ratio, and subsequently analyzed. Different types of mass 
analyzers exist in mass spectrometers, such as the quadrupole mass analyzers
3
 
which is often used in ICP-MS.  
ICP-MS is routinely used for quantitative analysis of elements present in 
samples, due to its precision, accuracy and low detection limits for most elements. 
For quantitative elemental analysis, calibration must be performed beforehand 
using standards solutions. 
We made use of ICP-MS to investigate the composition of the alloy 
nanoparticles. In order for ICP-MS measurement to be performed, the 
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nanoparticles must be dissolved into ions in solution. To do this, the alloy 
nanoparticles that are formed were first washed with ethanol, then dried. 
Following this, concentrated nitric acid (10 M) was added to the dried 
nanoparticles in a tube and swirled to ensure that all the Ag would be dissolved 
into ions in solution. This was then transferred to some deionized water such that 
the weight % of the acid was maintained below 2.5% and the concentration of the 
metal ions was below 10 ppm. Next, to the remaining nanoparticles in the tube, 
aqua regia was added to dissolve gold. This was also added to deionized water, 
taking care to maintain the concentration of the acid and metal ions below the 
required levels. The prepared solutions were then analyzed using ICP-MS 
(Agilent Technologies 7500 Series). 
 
2.7 Optical Limiting Measurement 
 In an optical limiting measurement, a laser source is used to excite a 
sample placed in its path. The intensity of the light that is transmitted through the 
sample is measured as a ratio of the intensity of incident light. Measurement of 
this ratio value is taken from low laser power to high laser power. The scattered 
light may also be measured at an angle to the incident laser direction. Figure 2.1 








Figure 2.1 Schematic illustration of the optical limiting measurement setup 
 
The nanoparticles prepared in our experiments were dispersed in toluene 
to perform the optical limiting measurement. The experiments were performed by 
using 7 ns laser pulses generated from a Q-switched neodymium-doped yttrium-
aluminium-garnet (Nd:YAG) laser (Spectra Physics DCR3) with a repetition rate 
of 10 Hz. The measurements were carried out using laser at both 532 nm and 
1064 nm wavelengths to test for broadband optical limiting properties. The 
original output wavelength of the laser is at 1064 nm, which is frequency-doubled 
to obtain the 532 nm laser output. 
 Each sample of the nanoparticles in toluene was placed in a 1 cm cuvette 
and the laser beam focused on the nanoparticle dispersion with a spot size of 165 
μm and 330 μm for the experiments using the 532 nm and 1064 nm laser sources 
respectively. The transmitted light was collected in the direction of the laser 
source, and the scattered light at an angle of 30 
o
 from this direction. The 
concentrations of the dispersions in toluene were adjusted such that the linear 
transmittance is ~70% for experiments employing the 532 nm laser and ~85% for 








2.8 Pump-probe Setup 
 In order to obtain information about the ultrafast electron dynamics of the 
nanoparticles, a pump-probe setup needs to be used. In such a setup, a pump laser 
source will be used to excite the electrons in the sample. A weaker probe pulse 
will then be used to probe the process after a certain time delay. Figure 2.2 shows 
a schematic diagram of the setup. 
 The pump and probe pulses come from the same source, by splitting the 
laser light using a beam splitter. The probe pulse is usually a white light 
continuum and a monochromator has to be placed in front of the detector 
(photodiode) to select the detection wavelength for frequency-resolved transient 
spectra to be recorded.  
 
Figure 2.2 Schematic illustration of the pump-probe setup 
 
We investigated the ultrafast electron relaxation dynamics of the prepared 
nanoparticles in toluene by using a pump-probe setup in a 1 mm quartz cell. 
Femtosecond laser pulses generated from a mode-locked Ti:sapphire laser system 
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(Spectra Physics) were used in the study. The light emitted by the laser is of the 
wavelength 800 nm and has a repetition rate of 1 kHz. The laser beam was split 
into two portions, one of which is to generate the 400 nm pump beam by passing 
through a BBO crystal. The pump beam is focused onto the sample with a beam 
size of 300 μm. The other portion was used to generate a white light continuum in 
a 1 mm sapphire plate. This is further split into the probe and reference beam. The 
probe beam is focused onto the sample with a beam size of 100 μm. A computer-
controlled translation stage was use to vary the delay between the pump and probe 
pulses. 
Both the signal and reference beams were detected by photodiodes 
connected to the computer. A monochromator was placed in front of the 
photodiode detector to select the detection wavelength for frequency-resolved 
transient spectra to be recorded. 
 
2.9 References 
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Chapter 3 Preparation of the Metallic Nanoparticles 
 
3.1 Introduction 
 In this chapter, we present two similar methods used to prepare AuAg 
alloy nanoparticles below 10 nm in size. For both methods, oleylamine was used 
in large excess in heating and reducing the metal alkanethiolate precursors.  
 One of the methods involves heating both metal precursors simultaneously 
in the amine. To facilitate our discussion, we shall name this as Method 1. The 
other method involves heating one of the precursors first followed by the other, 
whereby the nanoparticles formed from the first precursor act as seeds for the 
growth of the other metal. This is somewhat similar to a seeding method.
1-3
 It was 
found that this gave more monodisperse particles than the former method. This 
method is named as Method 2. Figure 3.1 shows an illustration of the two 
methods. 
By employing alkanethiolates as the precursors, we have overcome the 
experimental difficulty of AgCl precipitation caused by mixing the common 
precursors HAuCl4 and AgNO3. Our method is fast and facile. Furthermore, the 
composition and optical properties of the particles can be easily controlled by 
varying the feed ratio of the two metal precursors, which makes it convenient to 









Figure 3.1 Illustration of Method 1 and Method 2 used to prepare AuAg alloy 




3.2 Experimental Procedure  
To facilitate our discussion, the alloy nanoparticle samples will be 
represented by AuAg(X), where X is the mole fraction of Au in the feed. Hence 
AuAg(0.3) represents an alloy sample with an Au:Ag ratio of 3:7. 
 
3.2.1 Preparation of Au (I) Dodecanethiolate (Au (I) ddt):  
HAuCl4.3H2O was dissolved in ethanol to a concentration of 0.1 M. 
Dodecanethiol (ddt) was also dissolved in ethanol to a concentration of 0.1 M. In 
this precursor solution, the mole ratio of HAuCl4.3H2O to ddt was kept at 1:5 (i.e., 
Au
3+
:DDT = 1:5). Details of a typical experimental procedure were as such: at 
room temperature, 1 ml of ddt in ethanol (0.1 M) was added to 2.4 ml of ethanol, 
following which 0.2 ml of HAuCl4.3H2O in ethanol (0.1 M) was added and stirred 
for 5 min (total volume 3.6 ml). The resultant light brown precipitate was washed 
twice with ethanol and then dispersed in ethanol to a concentration of ~0.005 M. 
 
3.2.2 Preparation of Ag (I) Dodecanethiolate (Ag (I) ddt): 
AgNO3 was dissolved in ethanol to a concentration of 0.01 M. ddt was 
dissolved in ethanol to a concentration of 0.1 M. In this precursor solution, the 
mole ratio of AgNO3 to ddt was kept at 1:5 (i.e., Ag
+
:DDT = 1:5). Details of a 
typical experimental procedure were as such: at room temperature, 1 ml of ddt in 
ethanol (0.1 M) was added to 0.6 ml of ethanol, following which 2 ml of AgNO3 
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in ethanol (0.01 M) was added and stirred for 5 min (total volume 3.6 ml). The 
resultant white precipitate was washed twice with ethanol then dispersed in 
ethanol to a concentration of ~0.005 M.  
 
3.2.3 Method 1: Preparation of AuAg Alloy and Pure Metal Nanoparticles 
The particles synthesized via this method include Ag, AuAg(0.2), 
AuAg(0.5), AuAg(0.8) and Au. 
The ethanolic solutions of the metal alkanethiolates (0.005 M) were mixed 
in different volume ratios, centrifuged to remove the ethanol and left to dry. 10 ml 
of oleylamine was then added to the dried solid and the mixture heated in a 200 
o
C silicon oil bath for 5.5 minutes. After this time, the reaction was quenched by 
adding it to a large volume of ethanol. The nanoparticles are then washed with 
ethanol and re-dispersed in toluene.  
The total volume of the metal alkanethiolates used for each synthesis is 1 
ml. Hence, the Au mole ratios used were 0.2, 0.5 and 0.8, corresponding to 0.2 ml, 
0.5 ml and 0.8 ml of the ethanolic dispersion of the Au (I) ddt respectively. The 
total number of moles of both metals was kept constant for all experiments. For 
the preparation of pure Ag and Au, 1 ml of the ethanolic dispersion of the 




3.2.4 Method 2: Preparation of AuAg Alloy and Pure Metal Nanoparticles 
Using a Modified Procedure 
The particles synthesized via this method include Ag, AuAg(0.3), 
AuAg(0.5), AuAg(0.7) and Au. 
 
3.2.4.1 Preparation of AuAg Alloy Nanoparticles 
A certain volume of the ethanolic dispersion of the Au (I) ddt (0.005 M) 
was centrifuged to remove the bulk of the ethanol. 10 ml of oleylamine was then 
added to the semi-dried solid and the mixture heated to 200 
o
C in a silicon oil bath. 
Immediately upon detecting a slight colour change, a certain volume of Ag (I) ddt 
in ethanol was added. The heating was continued under reflux for a total of about 
15 minutes. After this time, the reaction was quenched by adding it to a large 
volume of ethanol. The nanoparticles are then washed with ethanol and re-
dispersed in toluene. 
The total volume of the metal alkanethiolates used for each synthesis is 1 
ml. Hence, the Au mole ratios used were 0.3, 0.5 and 0.7, corresponding to 0.3 ml, 
0.5 ml and 0.7 ml of the ethanolic dispersion of the Au (I) ddt respectively. The 
total number of moles of both metals was kept a constant for all experiments. 
The heating of the Ag (I) ddt in oleylamine, followed by the addition of 




3.2.4.2 Preparation of Ag Nanoparticles 
0.5 ml of the ethanolic dispersion of the Ag (I) ddt (0.005M) was 
centrifuged to remove the bulk of the ethanol. 10 ml of oleylamine was then 
added to the semi-dried solid and the mixture heated to 200 
o
C in a silicon oil bath. 
Immediately upon detecting a slight colour change, another 0.5 ml of Ag (I) ddt in 
ethanol was added. The heating was continued under reflux for a total of about 15 
minutes. After this, the reaction was quenched by adding the mixture to a large 
volume of ethanol. The nanoparticles were then washed with ethanol and re-
dispersed in toluene. 
 
3.2.4.3 Preparation of Au Nanoparticles 
1 ml of the ethanolic dispersion of the Au (I) ddt (0.005 M) was 
centrifuged to remove the bulk of the ethanol. 10 ml of oleylamine was then 
added to the semi-dried solid and the mixture heated to 200 
o
C in a silicon oil bath. 
After about 10 minutes, the reaction was quenched by adding it to a large volume 
of ethanol. The nanoparticles are then washed with ethanol and re-dispersed in 
toluene. 
This procedure is somewhat similar to that of Method 1’s preparation of 
Au nanoparticles, except for the heating time in oleylamine and the use of a 
completely dried Au (I) ddt in Method 1. Au nanoparticles have also been 
prepared via the same procedure as that for Ag described in Section 3.2.4.2. 
However, the results are undesirable and the particles cannot be used for further 
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analysis. Hence, for the preparation of Au nanoparticles, a different procedure as 
described here was used. 
 
3.3 Results for the Metal Alkanethiolate Polymers 
3.3.1 X-ray Diffraction 
As mentioned previously, the metal alkanethiolates can be prepared within 
5 minutes. This enables the entire synthetic procedure to be carried out rapidly. 
As shown in the XRD spectra below (Figure 3.2) for Au (I) ddt and Ag (I) ddt, the 
ordered structure of both polymers obtained in five minutes is no different from 
that obtained in 24 hours of reaction between the metal salt and ddt. The spectrum 
obtained for Au (I) ddt is similar to what has been previously reported, with peaks 
appearing at the small angle region associated with the bilayered structure.
4
 
The interlayer distance in Au (I) ddt determined by XRD is d001 = 
35.6±0.1 Å. Similarly, the layered Ag (I) ddt also shows pronounced periodic 
diffraction peaks in the XRD spectrum, and its interlayer distance is d001 = 
34.5±0.1 Å, in good agreement of literature data.
5,6
 These two values are similar 
for both metal alkanethiolates and are slightly larger than twice the length of each 
dodecanethiol molecule (15 Å),
7
 indicating conformation to the reported structure 
















































































Figure 3.2 Normalized XRD spectra of Au (I) DDT (top) formed in 5 minutes and 






3.3.2 UV-Visible Absorption 































Figure 3.3 Normalized UV-vis absorption spectra of Au (I) ddt and Ag (I) ddt 
dispersed in ethanol 
 
The UV-visible absorption spectra of the metal alkanethiolates prepared in 
five minutes are shown in Figure 3.3. For the Au (I) ddt polymer, it is observed 





 is not present, indicating that all the gold has been transformed into 
another oxidation state. Instead, two broad peaks appear in the spectrum centred 
at 347 nm and 387 nm. It has been well-known that Au(I) compounds exhibit the 
aurophilicity effect, which is the affinity between the gold atoms, even with 
closed-shell electronic configuration.
10
 We would thus expect the Au (I) ddt 
polymer to exhibit such effect as well. In fact, the absorption peak observed at 
387 nm could be attributed to ligand-to-metal-metal charge transfer, while the 
peak at 347 nm is attributed to S  Au ligand-to-metal charge transfer.11 The 
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latter arises due to the promotion of an electron from a p-orbital on the S atom to 
an empty orbital on Au, such as 6pz, resulting in the absorption of light. On the 
other hand, because of the Au-Au interactions in the polymer, the filled 5dz
2
and 
empty 6s and 6pz orbitals on one Au can interact with those on another, giving 
rise to a set of bonding and anti-bonding orbitals. An electronic transition from 
the p-orbital on the S atom to one of the bonding molecular orbitals of Au-Au is 
the basis of the ligand-to-metal-metal charge transfer. 
As for the Ag (I) ddt polymer, an absorption peak appears at 340 nm, 
similar to what has been previously reported.
5
 This absorption could also be 
attributed to ligand-to-metal charge transfer.
12
 
These peaks could later be used as an indication of the extent of the 
reaction in the alloy nanoparticle preparation. 
 
3.4 Results for AuAg Alloy Nanoparticles Prepared via Method 1 
3.4.1 UV-Visible Absorption 
In our preparation, a series of coloured alloy nanoparticle dispersions were 
obtained. The colour ranges from orange-brown with a higher percentage of silver, 
to orange-red with a higher percentage of gold. The corresponding UV-visible 
absorption spectra of the dispersions in toluene are shown in Figure 3.4. In our 
case, we do not observe a double-hump curve, or a Plasmon band at the position 
of the parent metals. Instead, we observe one single peak between that of pure Ag 
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and Au, which red-shifts with increasing amount of gold, strongly suggesting that 
alloys are obtained. A plot of the wavelength of maximum absorbance against the 
Au mole fraction in the feed is shown in Figure 3.5.  































Figure 3.4 UV-vis spectra of the alloy nanoparticles dispersed in toluene (Method 
1)   
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Figure 3.5 Plot of wavelength of maximum absorbance against the mole fraction 
of Au in the feed (Method 1) 
 
The relationship between the λmax and the ratio of Au in the feed is not 
entirely linear. This could be attributed to the different extent of mixing and 
segregation in the particles. Perhaps the time taken for the heating was too short 
to facilitate effective mixing of the atoms.  
 
3.4.2 Particle Size Analysis 
The TEM images reveal that for all the compositions synthesized, the 
particles are smaller than 10 nm. Figure 3.6 shows the TEM images of the 
particles of all the alloys synthesized, as well as that of silver and gold. The 
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measured particle sizes are 4.6 ± 1.5 nm (Ag), 3.6 ± 0.7 nm (AuAg(0.2)), 3.7 ± 
0.8 nm (AuAg(0.5)), 7.1 ± 1.0 nm (AuAg(0.8)) and 5.6 ± 1.5 nm (Au). 
The TEM images show that the particles tend to aggregate for the samples 
with higher percentage of silver. However, the ones with more Au tend to appear 

























Figure 3.6 TEM images of the Ag, Au and alloy nanoparticles (Method 1). The 
scale bar in all the images represents a length of 20 nm 
20 nm 
20 nm 20 nm 




Figure 3.7 HRTEM image of the AuAg(0.5) alloy nanoparticles (Method 1) 
 
The HRTEM image (Figure 3.7) shows that the particles exhibit a multi-
twinned structure, with an interplanar distance of 0.24 nm which corresponds to 
the (111) planes of gold or silver.  
 
3.4.3 Analysis of Composition of the Alloys 
Analysis of the particle composition by ICP-MS reveals a trend where the 
percentage of silver is always higher than that in the feed ratio. Tables 3.1a and 
3.1b show the composition of the alloys in terms of Au and Ag respectively. It is 
apparent that the ratios of each metal in the feed and in the particles are not 









Table 3.1a Comparison of Au mole ratio in the feed and in the prepared particles 
(Method 1) 
 








Table 3.1b Comparison of Ag mole ratio in the feed and in the prepared particles 
(Method 1) 
 
3.5 Results for AuAg Alloy Nanoparticles Prepared via Method 2 
3.5.1 UV-Visible Absorption 
For this synthesis, a series of coloured nanoparticle dispersions was also 
obtained. The colour ranges from orange-brown with a higher percentage of silver, 
to orange-red with a higher percentage of gold. The corresponding UV-visible 
absorption spectra of the dispersions in toluene are shown in Figure 3.8. The 
presence of a single peak between the wavelength of absorbance of Au and Ag 
strongly indicates the formation of alloys. A plot of the wavelength of maximum 
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absorbance against the Au mole fraction reveals a near-linear trend (Figure 3.9), 
consistent with previous reports.
13,14
  
The absence of peaks due to the metal alkanethiolate precursors in the 
UV-visible absorption spectra indicates their complete reduction. For Au, a broad 
band centred at 650 nm is observed in addition to the surface Plasmon peak at 533 
nm. This broad band is attributed to the aggregation of the Au nanoparticles 
(Figure 3.10), which causes a red-shift in the absorption due to interparticle 
Plasmon coupling between adjacent particles.
15,16
 































Figure 3.8 Normalized UV-vis spectra of the alloy nanoparticles dispersed in 
toluene (Method 2) 
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Figure 3.9 Plot of wavelength of maximum absorbance against the mole fraction 
of Au in the feed (Method 2) 
 
3.5.2 Particle Size Analysis 
The TEM images (Figure 3.10) reveal that for Ag and all the alloys, high 
monodispersity is achieved. A measurement of the size of 30 random particles of 
each sample reveals an increasing size of the nanoparticles as the Au content 
increases. The measured particle sizes are 3.5 ± 0.7 nm (Ag), 3.7 ± 0.4 nm 
(AuAg(0.3)), 4.8 ± 0.5 nm (AuAg(0.5)) and 5.6 ± 0.7 nm (AuAg(0.7)). For the 
Au nanoparticles, monodispersity is not achieved. In fact, we have tried to use the 
seeding method to synthesize pure Au nanoparticles, similar to that of pure Ag. 
However, the particles formed agglomerated (Figure 3.11) and settled to the 
bottom of the container quickly, preventing effective characterization. 
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 Besides the range of size distribution of nanoparticles, the size of the 
particles also affects the width of the surface Plasmon absorption band. It is 
known that the width of the band increases with decreasing particle size in the 
intrinsic size region (diameter < 25 nm).
17
 Hence it is not surprising that the Ag 
particles exhibit the broadest surface Plasmon band (Figure 3.8). Although the 
size distribution range of the AuAg(0.3) nanoparticles is relatively small, the 
smaller size of the particles counteracts this effect and results in a broader 



















Figure 3.11 TEM images of the Au nanoparticles formed from the seeding 
method. The agglomeration is undesired and hence for the Au nanoparticles 
formed from the non-seeding method are used for subsequent studies instead 
  
The HRTEM images of the alloy particles are also shown below in Figure 
3.12. Most of the particles exhibit a multi-twinned structure, with an interplanar 
distance of 0.24 nm, which corresponds to the (111) planes of gold or silver. No 
obvious contrast or phase boundary within the particles was observed, confirming 












Figure 3.12 HRTEM images of the alloy nanoparticles (Method 2) 
 
 For AuAg(0.5), we have also tried reversing the order of addition of the 
metal alkanethiolates, by heating Ag (I) ddt in oleylamine first, followed by 
adding the ethanolic dispersion of Au (I) ddt immediately upon detecting a colour 
change. The alloy nanoparticles which resulted are also monodisperse (Figure 
3.13), and the absorption lies close to that of the original AuAg(0.5) particles 
(Figure 3.14). The reason for the monodispersity of particles achieved via Method 





Figure 3.13 TEM images of the AuAg(0.5) alloy nanoparticles prepared by the 
reverse order of reaction of the metal alkanethiolates (Method 2) 
 

























 heat Au(I)ddt first
 heat Ag(I)ddt first
 
Figure 3.14 Normalized UV-vis spectra of the AuAg(0.5) alloy nanoparticles 





3.5.3 Analysis of Composition of the Alloys 
Analysis of the particle composition by ICP-MS also reveals a trend where 
the percentage of silver is always higher than that in the feed ratio. Tables 3.2a 
and 3.2b show the composition of the alloys in terms of Au and Ag respectively. 
Plots (Figure 3.15 and Figure 3.16) of the composition of the nanoparticles 
against the feed shows a near-linear trend with R
2 
= 0.998. Hence this method can 
be employed should particles of a specific composition is to be obtained. This is 
in contrast with other reports
18
 whereby the composition of the resultant particles 
cannot be directly related to that in the feed composition, which makes it difficult 
to obtain particles of a specific composition, except by trial and error. 
 




















Table 3.2b Comparison of Ag mole ratio in the feed and in the prepared particles 
(Method 2) 
 























Au Mole Ratio in Feed





Figure 3.15 Plot of Au mole ratio in the alloys against that in the feed (Method 2) 
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Ag Mole Ratio in Feed
 
Figure 3.16 Plot of Ag mole ratio in the alloys against that in the feed (Method 2) 
 
It has been previously reported that for AuAg alloy clusters protected by 
alkanethiolates, the ratios of the metals in the clusters vary in the same trend as 
the feed ratios, though the two ratios do not coincide in values exactly.
19
 The 
difference has been attributed to galvanic effects in which one of the metals can 
reduce the ions of the other metal, resulting in leaching of the former. Here we 
have also observed the trend whereby the ratio of the Ag in the particles is higher 
than that of the feed ratio, although the variation of ratio in the particles still 
follows that in the feed. It is unlikely that Ag (I) ddt was being reduced at the 
expense of oxidation of Au, since Ag has been found to reduce HAuCl4 to Au due 
to the higher standard reduction potential of the AuCl4
-





 However, due to the fact that gold is more readily reduced than silver, 
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it is possible that some of the gold atoms which were first reduced had gathered to 
form small stable clusters protected by the strong thiol ligands. This may hinder 
their involvement in the alloying process, hence resulting in a lower percentage of 
gold in the nanoparticles. They were also undetectable via ICP-MS probably due 
to their removal during the centrifuge process.  
 
3.5.4 Analysis of Surfactants on the Particles 
The FTIR spectrum of the nanoparticles synthesized via Method 2 reveals 
the absence of peaks at 3300-3500 cm
-1
 region corresponding to the N-H stretch, 
at ~1583 cm
-1 
corresponding to the N-H bending in oleylamine and at ~1070 cm
-1
 
due to the =C-H bending, suggesting that oleylamine does not act as the surfactant 
in the synthesis. 
However, the presence of peaks associated with C-H vibrational 
modes
21,22
 indicates the presence hydrocarbon surfactants, which are very likely 
to be dodecanethiol. This is expected since S has a stronger binding affinity to Au 
and Ag as compared to N, resulting in the preferential binding of thiol to the alloy 
particles as compared to the amine, although the latter is in greater excess. Chen 
et al
23
 proposed that imines and nitriles could be formed from the reaction of 
silver ions and oleylamine. These species could also passivate the surface of the 
particles through the lone pair of electrons on N or the π electrons of the double or 
triple bond. We however did not observe the vibrations due to the C=N or C≡N 
bonds in their characteristic regions. 
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. This shift to lower wavenumber values is indicative of 
an ordered all-trans zigzag conformation of the alkyl chains on the particle 
surface.
24-26





, close to that of neat dodecanethiol. This may imply that the alkyl 
chains on the silver surface are disordered. Such a phenomenon can be attributed 
to the different morphology of the alloy and pure Ag particles, where the former 
takes on a faceted morphology while the latter a circular shape.
24
  

















Figure 3.17 FTIR spectra of Ag and AuAg(0.5) alloy nanoparticles (Method 2) 
 
 Unlike other experiments where oleylamine functions as both the 
reductant and surfactant,
18,23
 the oleylamine in our experiment serves only as the 
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reductant, as evident from the FTIR results. Instead, the dodecanethiol which is 
adjacent to the metal atoms in the precursor, serves as the surface capping agent. 
 
3.6 Discussion of the Two Methods 
 We have tried both Method 1 and Method 2 in our preparation of alloy 
nanoparticles. Although alloy nanoparticles could still be obtained via Method 1 
as indicated by the UV-visible absorption spectra, the particles formed are not 
always monodisperse. As both metal alkanethiolates are heated simultaneously 
from room temperature to 200 
o
C, the rate of heating and reduction of each metal 
alkanethiolate may be different, which can result in additional nucleation during 
growth. For the metal alkanethiolate which is reduced more slowly, it’s atoms 
formed might not grow on the particles which are formed from the other metal 
alkanethiolate, nucleating separately instead and hence leading to polydispersity. 
Ultimately though, the diffusion and intermixing of the metal atoms at the high 
temperature employed can still lead to alloy nanoparticles being formed. The non-
linearity of the relationship between the wavelength of maximum absorbance and 
feed ratio of Au suggest that the mixing of the atoms may not be effective. 
 Hence, we believe that the monodispersity achieved in our experiments 
can be attributed to the staggered addition of the second metal alkanethiolate, 
similar to the seeding method. One reason that staggering the addition of the 
metal alkanethiolate could lead to monodispersity is because when the colour of 
the reaction mixture just changed, it indicates that gold nanoparticles have just 
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been formed and are in the process of growing. They are probably still very small 
in size and have high surface energy which the system seeks to minimize. Once 
the second metal alkanethiolate is added, it can be reduced immediately due to the 
high temperature of the oleylamine. Naturally, it would be reduced and grow on 
the existing small particles (which function as seed particles) in order to minimize 
the energy of the system. This prevents further nucleation. The metal atoms can 
then diffuse and mix to form an alloy. However, the timing of addition must be 
well-controlled and the optimum point of addition of the second metal 
alkanethiolate would be when the reaction mixture just changed colour. If the 
second metal alkanethiolate is added long after the colour change, agglomeration 
of the particles could result. This is shown in Figure 3.18, where the AuAg(0.5) 
nanoparticles were formed by adding Ag (I) ddt to Au in oleylamine only 1 
minute after a colour change in the reaction mixture was detected.  
 
 
Figure 3.18 TEM image of agglomeration of AuAg(0.5) nanoparticles formed 
when Ag (I) ddt was added to Au in oleylamine with a 1 minute delay upon 
detecting a colour change 
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We have also shown that the order of the addition is not significant, as 
monodispersity in the alloy nanoparticles was attained whether Au (I) ddt was 
added to the Ag in oleylamine or Ag (I) ddt was added to Au in oleylamine.  
 At the elevated temperature of the synthesis, the alkanethiolate polymers 
can decompose and oleylamine, being a reducing agent, can bring about the 
reduction of the Au(I) and Ag(I). Due to the high temperature, the gold and silver 
atoms can rapidly interdiffuse, leading to the formation of alloys. The diffusivity 
(D) of an element is dependent on temperature and if the dependence is a 




D = D0 exp )        (Equation 3.1) 
where D0 is the pre-exponential factor of the element, ΔHd is the activation 
enthalpy of diffusion and k is the Boltzmann constant. 
This shows that diffusivity increases with temperature. This was also the 
reason for obtaining core-shell particles at 50 
o
C but alloys at 100 
o
C  by Sun et 
al.
27
 Hence this also leads us to believe that at 200 
o
C, the temperature employed 
in our synthesis, alloy nanoparticles are formed instead of core-shell particles.  
Furthermore, it has been previously reported that alloy formation from 
silver-coated gold nanoparticles is due to the presence of vacancy defects at the 
interface which enhance the mixing of the metal atoms.
28
 The presence of a 
stabilizer at the interface could have caused the defects. This may be applicable to 
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our case whereby the presence of defects at the surface of the newly formed seed 
particles aid the deposition and mixing of the second metal. 
 Despite monodisperse pure Ag nanoparticles being formed via this 
method, such quality characteristic could not be achieved for pure Au 
nanoparticles. This is contrary to the previous report where monodisperse Au 
particles could be obtained by heating the alkanethiolate nanotubes in amine.
29
 In 
fact, the particles formed differ from those formed from Method 1 although both 
are nearly similar in experimental procedure. This could be due to the difference 
in heating time and the preparation condition where dried Au (I) ddt was used in 
Method 1 while Au (I) ddt with some ethanol was used for Method 2. To explain 
the contrast to the report whereby monodisperse Au nanoparticles were 
obtained,
29
 perhaps the method of preparation of the polymeric precursor plays an 
important role in determining the final structure of the particles obtained. This is 
reasonable since many parameters of the nucleation and growth process are 
strongly affected by the structure of the initial precursor. In the report,
29
 Au (I) ddt 
nanotubes formed after many hours of stirring together HAuCl4 and ddt were used. 
On the other hand, we made use of Au (I) ddt prepared in just five minutes, which 
should exist as plate-like aggregates and are structurally different from the tubes. 
 
3.7 Conclusion 
 In conclusion, we have presented two similar methods to synthesize AuAg 
alloy nanoparticles. The seeding method (Method 2) gives rise to more desirable 
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results than Method 1 which involves heating both metal alkanethiolates 
simultaneously. Both methods are fast and facile. The evidence of alloys being 
formed is obtained from absorption spectroscopy where only one absorption band 
is observed and it red-shifts as the ratio of Au increases. The particles obtained 
from Method 2 are between 3.5 - 6 nm and are found to be comprised of a higher 
percentage of silver than the feed. They are protected by thiols which are directly 
attached to the metal atoms in the polymer precursor. The nanoparticles thus 
obtained have optical properties which can be conveniently tuned, as a direct 
relationship is found for the Au content in feed and the wavelength of absorption. 
We believe that this method may be extended to other metals which can form an 
ordered polymeric structure with thiols, such as copper, whereby copper alloy 
nanoparticles might also be produced.  
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 In this chapter, we present the results of the optical characterization on Au, 
Ag and AuAg alloy nanoparticles. The nanosecond laser source was used to study 
the optical limiting properties of these particles, while the femtosecond laser 
source was used to probe their ultrafast dynamics. The results are compared 
between the monometallic and bimetallic particles. 
By understanding the optical limiting properties of the alloys and 
monometallic nanoparticles, we can propose suitable materials with exceptional 
optical limiting properties for eye protection equipment and optical switching 
devices. The ultrafast dynamics study also provides an insight to understand the 
electrical and thermal transport in the materials, and photothermal therapy of 
cancer. 
So far, there have not been many reports on the optical limiting properties 
of AuAg nanoparticles.
1,2
 The general finding is that alloys are less efficient 
compared to the pure metal particles for optical limiting, and silver is better than 
gold in the efficiency. For pure Au and Ag nanoparticles, they have been studied 
more extensively. Large optical limiting effect has been observed from silver-
dendrimer nanocomposites,
3







 The size effect on the optical limiting performance 
has also been studied and it is found that increasing the size of gold nanoparticles 
enhance the performance due to the non-linear scattering effect.
6
  
The ultrafast electron relaxation dynamics of AuAg alloy nanoparticles 
have been studied and found to be similar to that of gold nanoparticles in terms of 
the electron cooling rate.
7,8
 These studies were usually done in an aqueous 
solution. Here in this chapter, we present the electron dynamics of the alloy 
nanoparticles in an organic solvent. In addition, we also compare between more 
Au ratios for the alloys, in order to obtain a more substantiated conclusion. For 
the previous report,
8
 only one alloy with Au ratio of 0.8 was studied, which is too 
similar to pure Au to obtain any differentiation.  Despite the relatively less 
appealing morphology of the nanoparticles prepared via Method 1 as compared to 
those prepared via Method 2, the former has been used in this optical 
characterization study. Our primary aim is to investigate the optical properties of 
nanoparticles with varying metal ratios, and this purpose should be able to be 
fulfilled using the particles from Method 1 alone.  
 
4.2 Results and Discussions for Optical Limiting Measurement 
4.2.1 Studies Employing the 532 nm Laser 
 The benchmark for optical limiting performance is known as the limiting 
threshold which is defined as the incident fluence at which the transmittance falls 
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to half of the normalized linear transmittance.
9
 Materials which exhibit lower 
threshold limit are better optical limiters. 
 The UV-visible absorption spectra and TEM images of the particles 
employed in this study are shown in Figure 3.4 and Figure 3.6 respectively. 
Figure 4.1 shows the optical limiting response of all the nanoparticles. That for 
toluene solvent is also presented for comparison. Toluene exhibits optical limiting 
effect at high input fluene for the 532 nm laser input, similar to what has been 
reported.
10
 From the figure, it can be seen that for gold and silver nanoparticles, 
the normalized transmittance increases slightly above one up to an input fluence 
value of about 1 J/cm
2
, before it decreases to exhibit the optical limiting effect. 
This is believed to be due to plasmon bleaching which results in less light being 
absorbed, and is known as saturable absorption. The value of the limiting 
threshold for each sample can be obtained from the optical limiting plot by 
checking the value of the input fluence at which the normalized transmittance is 
0.5. As each plot is made up of points rather than a single connected line, 
estimation of the threshold value can be made by interpolation of the data points. 
It is apparent that the alloy particles are better optical limiters than the 
monometallic particles, with the limiting threshold values being approximately 
0.38, 0.55 and 1.70 J/cm
2
 for the AuAg(0.5), AuAg(0.2) and AuAg(0.8) samples 
respectively.  In contrast, the values are much higher for the Ag and Au samples, 
at 4.00 and 6.80 J/cm
2
 respectively. The last value of 6.80 J/cm
2
 has been deduced 
by extrapolating the data points for Au up till the normalized transmittance of 0.5, 
as the last recorded data point for Au has a normalized transmittance value > 0.5 
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within the limits of the experiment. The trend as described above is opposite from 
what has been reported previously where alloys were found to be less efficient 
optical limiters than the pure metals.
1
 However, the consistency lies in that silver 
is better than gold in the efficiency. The monometallic particles were reported to 
be more photostable than the alloy particles, where cluster dissolution can occur 
following electron ejection and fragmentation. 
Figure 4.2 further exemplifies the optical limiting effect exhibited by the 
samples, whereby a larger deviation from a straight line represents low output 
































Input Fluence (J/cm2)  
Figure 4.1 Optical limiting response of the AuAg alloy nanoparticles, Au 
nanoparticles, Ag nanoparticles and toluene studied by 532 nm laser 
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Figure 4.2 Plots of output fluence against input fluence of the laser focused on the 
nanoparticles studied by 532 nm laser 
 
































Figure 4.3 Non-linear scattering results obtained for the nanoparticles studied by 




Scattering measurements of the nanoparticles were performed to 
determine the mechanism of the observed optical limiting effect. Analysis of the 
results in Figure 4.3 shows that at low input fluences, the scattering signals are 
linearly related to the input fluence, however at high input fluences, they are 
deviated from the linear fashion. Hence at high input fluences, the scattering 
effect can result in low transmission of the light. This clearly indicates that non-
linear scattering is the main reason for the optical limiting phenomenon. 
 Scattering centres may be formed from solvent bubbles due to the 
absorption of energy by the nanoparticles and the subsequent transfer of this 
energy to the solvent, heating and evaporating it to form bubbles. This is highly 
likely in our experiments as toluene is a solvent with low thermal conductivity 
which results in the confinement of the heat energy at the particle-solvent 
interface, enhancing the evaporation of the solvent into bubbles.
10
 This occurs in 
the nanosecond range. Another possibility of scattering centres is the formation of 
microplasma states from the nanoparticles, which occurs in the sub-nanosecond 
range. Since we used nanosecond laser for our study, the solvent bubble formation 
mechanism is more likely, though we cannot rule out the possibility of the 
microplasma states formation. 
 It has been previously shown that the thermal stability of monometallic 
clusters can be enhanced by incorporating Ag or Au into them to form alloy 
clusters.
11
 Hence this may explain the reason that the alloy nanoparticles we 
prepared show better optical limiting properties than the pure metal particles. The 
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laser pulse is known to generate high temperature in the sample and this may 
disintegrate the less stable particles and reduce the optical limiting effect. The 
thermally more stable alloy particles can better withstand the high temperature 
generated and function as optical limiters. Amongst the alloy particles, the 
AuAg(0.5) and AuAg(0.2) nanoparticles exhibit stronger optical limiting effect 
than AuAg(0.8), suggesting that perhaps that the first two kinds of alloys are more 
photostable than the latter.  
 
4.2.2 Studies Employing the 1064 nm Laser 
 The optical limiting properties of the alloy nanoparticles have also been 
studied at the 1064 nm wavelength. The purpose is to investigate if the particles 
can exhibit broadband optical limiting effect, which will enhance their versatility 
in the application of optical limiting devices.  
Similar results were obtained for the same samples studied using the 1064 
nm laser source. The results are shown in both Figures 4.4 and 4.5. Again, the 
alloys exhibit better optical limiting properties than the monometallic particles. 
The limiting threshold values are 2.4, 4.5 and about 15.3 J/cm
2
 for the AuAg(0.5), 
AuAg(0.2) and AuAg(0.8) samples respectively. Again, these values are deduced 
from the plots in Figure 4.4 by either interpolation or extrapolation of the data 
points obtained within the limits of the experiments. The monometallic 
nanoparticles do not exhibit much optical limiting effect for the range of input 
fluences studied. Amongst the alloys, the AuAg(0.5) and AuAg(0.2) samples are 
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better optical limiters than AuAg(0.8), most likely due to the photostablity effect. 
Non-linear scattering is also found to be the mechanism underlying the optical 
limiting effect. This is shown in Figure 4.6 where it can be observed that the 
samples exhibiting a strong optical limiting effect also have non-linear scattering 
properties. The scattering signals are the strongest for the AuAg(0.5) and 
AuAg(0.2) samples, both of which exhibit the greatest optical limiting effect.   
 Hence we have shown that the alloy nanoparticles exhibit broadband 
optical limiting effect at both 532 nm and 1064 nm. This is not surprising since 
non-linear scattering was found to be the mechanism behind the optical limiting 
effect, and hence the effect should be dependent on the heat generated by laser 
irradiation which results in solvent bubble formation, not so much on the laser 
wavelength. The broadband optical limiting effect makes the nanoparticles 
suitable as potential materials for optical limiting devices offering protection 
against a wide range of incident laser wavelength. 
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Figure 4.4 Optical limiting response of the AuAg alloy nanoparticles, Au 
nanoparticles, Ag nanoparticles and toluene studied by 1064 nm laser 
 









































Figure 4.5 Plots of output fluence against input fluence of the laser focused on the 






































Figure 4.6 Non-linear scattering results obtained for the nanoparticles studied by 
1064 nm laser  
 
4.3 Results and Discussions for Ultrafast Electron Relaxation Dynamics 
Study 
 In this section, we present the ultrafast electron relaxation dynamics 
results of the gold and alloy (AuAg(0.2) & AuAg(0.5)) nanoparticles excited 
using the 400 nm femtosecond laser. Excitation of Au nanoparticles at a similar 
wavelength leads to an interband transition from 5d  6sp conduction band 
whereas for Ag nanoparticles, the collective Plasmon resonance is being excited.
12
 
Plasmon resonance is associated with the collective oscillation of the free 
conduction band electrons upon interaction with an electromagnetic field. Hence 
we can expect that for the alloy particles possessing a higher percentage of silver, 
ie AuAg(0.2), the Plasmon resonance will be excited. On the other hand, for the 
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other two samples, interband transitions should occur since the pump wavelength 
does not fall within the Plasmon absorption band (see Figure 3.4). Regardless of 
the nature of excitation, all the excited electrons will decay via electron-electron 
coupling, followed by electron-phonon coupling and finally phonon-phonon 
coupling. 
Figure 4.7 shows the transient bleach spectra of the AuAg(0.2), AuAg(0.5) 
and gold nanoparticle samples. The obtained results are similar to what has been 
previously observed on 15 nm gold and 18 nm AuAg alloy nanoparticles,
8
 where 
a bleach at the position of the Plasmon absorption maximum was observed, 
together with two wings at both sides of the band in the transient absorption 
spectra due to absorption of the hot electrons of the Plasmon. This is the result of 
the femtosecond laser heating of the electrons whereby the higher temperature of 
the electron gas leads to a broadening of the plasmon absorption and a reduction 
in the maximum intensity.  
 However, while the bleach maximum corresponds to the Plasmon 
absorption maximum exactly in the reported case, we observed a red-shift of the 
bleach maximum with respect to that of the Plasmon absorption. This has been 
previously reported by El-Sayed et al who studied the electron dynamics of small 
(< 5 nm) gold nanocrystals passivated by alkylthiol groups.
13
 A size-dependent 
shift of the Plasmon bleaching in the transient absorption spectrum from the λmax 
of the steady-state Plasmon absorption has been observed. This was attributed to a 
difference in electron density in particles of different sizes. In smaller particles, 





δ ~ 2EF/N                                    (Equation 4.1)         
where EF is the Fermi energy and N is the number of atoms. 






















































































Figure 4.7 Transient bleach spectra of the (from top to bottom) AuAg(0.2), 
AuAg(0.5) and Au samples at different time delays after excitation with the 
femtosecond laser pulse at 400 nm 
 
Hence, a smaller particle with a larger spacing between the electronic 
levels will give rise to a larger shift between the Plasmon bleach and the steady-
state absorption. The size-dependent shift is only applicable for particles smaller 
than 5 nm. The particles we have synthesized are also small (< 10 nm) and hence 
it is not surprising to observe the shift in the band maxima. It can also be seen that 
the decay of the bleach for the AuAg(0.2) sample is faster than the other two 
samples. This will be discussed later with respect to the electron-phonon 
relaxation time. 
 It has been found that the probe laser wavelength has an effect on the 
relaxation dynamics of the electrons.
14
 We have also shown that the electron-
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phonon relaxation time will be dependent on probe wavelength for the Au 
nanoparticles. This is illustrated in Figure 4.8 which shows that the relaxation 
times for electron-phonon scattering vary with the probe wavelength. In view of 
the dependence of the dynamics on the probe wavelength, we have chosen to 
study the electron relaxation dynamics at probe wavelengths tuned to the maxima 
of the transient bleach for each of the samples. The probe wavelengths employed 
are 470 nm for the AuAg(0.2) particles, 490 nm for the AuAg(0.5) particles and 
530 nm for the Au particles. The results for this experiment will be discussed in 
the following section. 

























Figure 4.8 Relaxation dynamics of the Au nanoparticles probed at 500 nm and 
530 nm, at the same pump laser power of 10 μW. The values of the electron-




After excitation by the pump laser, the decay of the bleach follows a bi-
exponential trend, with a detectable electron-phonon relaxation and phonon-
phonon relaxation. The electron-electron relaxation time is not detectable through 
our experiments as the 400 nm excitation results in an interband transition in the 
nanoparticles which can complicate the electron dynamics.
8
 This is because 
excitation with 400 nm (3.1 eV) light is capable of promoting electrons from the 
d-band to the Fermi level, which has been reported to take place with 1.7 eV of 
energy for thiol-protected nanoclusters
15,16
 and 2.38 eV for bulk gold.
17
 It has 
been shown that excitation of the d-band electrons can result in a 5 times faster 
electron-electron scattering,
18,19
 which takes place on the order of the laser pulse 
duration and makes detection difficult. Furthermore, the relaxation of the d-band 
electrons can give rise to electron heating, which results in a complicated electron 
dynamics. Hence in the experiments performed, only electron-phonon and 
phonon-phonon relaxations can be measured. 
The electron-phonon relaxation time have been found to be independent of 
the size of gold nanoparticles and are found to be of the order of a few 
picoseconds (1-4 ps).
20
 This range of relaxation time is similar to what we have 
observed, even for the AuAg alloy nanoparticles. The phonon-phonon relaxation 
time in the experiments conducted is found to be on the order of several hundred 
picoseconds, similar to previous report.
20
 
As an example, Figure 4.9 shows the decay profiles of the maximum 
transient bleach for the three types of nanoparticles: AuAg(0.2), AuAg(0.5) and 
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Au probed at the respective wavelengths of 470 nm, 490 nm and 530 nm. For 
each decay curve, two components of the excited electron relaxation can be 
observed, representing the faster electron-phonon relaxation on the order of a few 
picoseconds and the slower phonon-phonon relaxation which takes place within a 
few hundred picoseconds. Each curve maps out the decay of the transient bleach 
and the cooling of the electrons after excitation by the laser pulses. The electron-
phonon relaxation times of AuAg(0.2), AuAg(0.5) alloy nanoparticles and Au 
nanoparticles were found to be 2.00 ps, 2.75 ps and 2.49 ps respectively when a 
pump laser power of 10 μW was used. For the phonon-phonon relaxation times, 
they are 345 ps, 148 ps and 178 ps respectively.  



















)  e-ph = 2.00 ps, ph-ph = 345 ps
 
 e-ph = 2.75 ps, ph-ph = 148 ps
 e-ph = 2.49 ps, ph-ph = 178 ps
 
Figure 4.9 Electron relaxation dynamics of the (a) AuAg(0.2) nanoparticles 
probed at 470 nm (black squares), (b) AuAg(0.5) nanoparticles probed at 490 nm 
(red circles) and (c) Au nanoparticles (blue triangles) probed at 530 nm, at pump 




 Hence we do not detect significant difference between the electron-
phonon relaxation of the monometallic and bimetallic particles in the organic 
phase, similar to what has been observed in the aqueous phase.
8
 This means that 
the addition of one metal to another in the particles only has the effect of shifting 
the position of the plasmon bleach, but does not affect the electron relaxation 
dynamics. This allows the transient bleach of the alloy nanoparticles to be 
conveniently tuned in the range of their plasmon absorption without changing 
other electron dynamics properties.   
 The pump intensity-dependent electron-phonon relaxation time was also 
investigated. It has been shown in previous reports
12,21
 that increasing the laser 
pump intensities lead to a longer electron-phonon relaxation time due to the 
higher temperature of the electrons resulting from the more energy being 
delivered to the nanoparticles. It takes a longer time for the electrons to dissipate 
the greater excess of energy to the phonon. Furthermore, the heat capacity of the 
electron gas also increases with temperature and this reduces the rate of cooling. 
In our experiments, the laser pump intensities of 2 μW, 5 μW, 10 μW, 20 μW and 
50 μW were used to excite the nanoparticles samples in order to study the 
dependence of the electron-phonon relaxation time on the pump intensity. Figure 
4.10 shows the normalized decay curves for the alloy and Au nanoparticles 
probed at the wavelength of maximum bleach intensity of each sample. Each 
decay curve is fitted with a bi-exponential function y = y0 + A1*exp(-(x-x0)/t1) + 
A2*exp(-(x-x0)/t2) where the values of t1 and t2 obtained from the curve-fitting 
represent the electron-phonon and phonon-phonon relaxation times respectively. 
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The errors associated with the fitted electron-phonon relaxation times are between 
± 0.1 ps  to ± 0.4 ps. 
















































































Figure 4.10 Electron relaxation dynamics of the (from top to bottom) AuAg(0.2) 
nanoparticles probed at 470 nm, AuAg(0.5) nanoparticles probed at 490 nm and 
Au nanoparticles probed at 530 nm 
 
The electron-phonon and phonon-phonon relaxation times observed at the 
different pump intensities are summarized in Tables 4.1 and 4.2 and the 
dependence of the former on the pump intensity is summarized in the plot in 








 τ e-ph/ ps 
2 μW 5 μW 10 μW 20 μW 50 μW 
AuAg(0.2) 1.36 1.46 2.00 2.42 2.13 
AuAg(0.5) 1.63 2.24 2.75 2.97 2.55 
Au 1.81 2.26 2.49 2.71 2.56 
 
Table 4.1 Electron-phonon relaxation times of the metallic nanoparticles at the 
different laser pump intensities 
 
 τ ph-ph/ ps 
2 μW 5 μW 10 μW 20 μW 50 μW 
AuAg(0.2) 210 225 345 286 238 
AuAg(0.5) 89 148 148 212 161 
Au 222 195 178 151 93 
 
Table 4.2 Phonon-phonon relaxation times of the metallic nanoparticles at the 
different laser pump intensities 
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Figure 4.11 Plot of electron-phonon relaxation time for the various nanoparticle 
samples against the pump laser power 
 
From the plot of Figure 4.11, we can observe a few trends. Firstly, the 
values of the relaxation times do not differ much between the bimetallic and 
monometallic particles for the AuAg(0.5) and Au samples. However, the 
relaxation times for the AuAg(0.2) sample are lower than the other two samples. 
One reason could be that excitation of the AuAg(0.2) nanoparticles at 400 nm 
actually results in the Plasmon band being excited since the absorption of the 
nanoparticles is blue-shifted relative to that of AuAg(0.5) and Au. On the other 
hand, the 400 nm pump laser excites the interband transition in the AuAg(0.5) and 
Au samples. Excitation of the Plasmon can lead to a very rapid electron-electron 
scattering time of 8 fs in Ag in contrast to 100 – 200 fs for interband excitation in 
Au.
12
 As the electron-electron scattering has a contribution to the measured 
 85 
 
electron-phonon relaxation time, this may be the reason for the apparent shorter 
electron-phonon relaxation time observed for the AuAg(0.2) sample. 
Also from the plot in Figure 4.11, it can be seen that the relaxation times 
follow a trend similar to previous reports,
12,21
 that increasing the pump power 
leads to slower decay because of the increased electron temperature and the 
electronic heat capacity. Surprisingly though, at 50 μW, the highest pump power 
used, all the samples show a reduced electron-phonon relaxation time compared 
to at 20 μW. This is probably due to photo-damage being done to the samples at 
the high laser power, which can affect the characteristics of the particles, 
influencing their electron relaxation dynamics. 
On the other hand, the phonon-phonon relaxation times apparently do not 
have a dependence on the pump intensity as evident in Table 4.2. Phonon-phonon 
relaxation times are dependent on the solvent environment in which the 
nanoparticles are dispersed, since the excess energy is transferred from the 
nanoparticles lattice to the surrounding molecules. There is also no clear 
relationship between the relaxation times and the composition of the nanoparticles, 
except that those for the AuAg(0.2) particles are longer than the other two. As 
surface atoms are those in contact with the solvent molecules, the variation in the 
surface composition of the nanoparticles may be the cause of the different 





 We have studied the optical limiting properties of the alloy and 
monometallic nanoparticles using 7 ns laser at 532 nm and 1064 nm. It is 
observed that the alloys are better optical limiters than the monometallic particles. 
The reason has been attributed to their higher thermal stability. Amongst the 
alloys, the AuAg(0.2) and AuAg(0.5) particles are found to be better optical 
limiters than the one with higher Au ratio, probably related to the photostability 
effect too. The non-linear scattering effect has been found to be the main 
mechanism behind the broadband optical limiting properties of the nanoparticles. 
 As for the ultrafast electron relaxation dynamics study, we have observed 
no significant difference between that of the bimetallic and monometallic 
nanoparticles in terms of the electron-phonon relaxation time for the AuAg(0.5) 
and Au samples. This is similar to a previously reported result obtained in an 
aqueous solvent for an alloy with a high percentage of Au.
8
 However, the 
relaxation time for the AuAg(0.2) sample is shorter than that for the other two, 
which could be due to the contribution of the faster electron-electron scattering in 
the measured time as a result of Plasmon excitation. The hot electron relaxation 
dynamics is found to be probe wavelength-dependent as well as pump power-
dependent. For the latter dependency, we observed a trend of increasing 
relaxation time with increased pump power used, similar to previous reports. 
However, we also observed an interesting and unreported phenomenon of a 
deviation from this trend at the highest pump power used: 50 μW, where the 
 87 
 
relaxation time was found to be reduced compared to 20 μW. We attribute it to 
the photo-induced damage to the nanoparticles. 
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Chapter 5 Conclusion 
 
5.1 Preparation of AuAg alloy nanoparticles 
 We have used two methods to prepare small AuAg alloy nanoparticles by 
making use of high-temperature oleylamine reduction of gold (I) alkanethiolate 
and silver (I) alkanethiolate. The formation of alloys rather than core-shell 
particles or a mixture of gold and silver particles was confirmed by UV-visible 
absorption spectroscopy where only one peak is present in the spectrum for each 
alloy. This peak lies between the absorption of Ag and Au, and also red-shifts 
when the amount of Au used in the feed increases. 
 One of the methods discussed involves the simultaneous heating of the 
two metal alkanethiolates in oleylamine. Although alloy nanoparticles are also 
formed, the resultant particles are not very monodisperse. 
 An improved method involves heating one alkanethiolate first before 
adding the other, and this produces monodisperse 3.5 - 6 nm alloy nanoparticles. 
The mechanism for nanoparticle formation is similar to that of a seeding method 
whereby the nanoparticles formed from the first alkanethiolate act as seeds on 
which the second alkanethiolate gets reduced and grow on. The high temperature 
employed in the synthesis leads to diffusion and intermixing of the metal atoms to 
form alloys. Analysis by FTIR shows that the surfactants on the particles are the 
thiols present in the precursor, rather than the oleylamine used in the synthesis. 
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An examination of the composition of the particles reveals that the Ag ratio in the 
particles is always higher than that in the feed. 
 This second method produces alloy nanoparticles whose composition and 
absorption properties that can be tuned easily. The experimental procedure is fast 
and the total time taken for the reaction is less than 30 minutes. Importantly also, 
we have done away with the use of the common metal precursors which would 
give rise to a precipitate and complicate the preparation procedure. This greatly 
simplifies the preparation procedure and enables mixing of the precursors in any 
ratio to obtain nanoparticles with tunable characteristics. Hence in conclusion, we 
have successfully combined two desired characteristics of a synthetic procedure in 
our developed method: speed and versatility. 
 
5.2 Optical Characterization of the Metallic Nanoparticles 
 The metallic nanoparticles prepared were characterized for their optical 
properties. 
 
5.2.1 Optical Limiting Measurement  
 The optical limiting measurement on the alloy nanoparticles was 
performed using 532 nm and 1064 nm nanosecond laser and the results compared 
to that of the monometallic nanoparticles. It was found that in contrast to previous 
reports, the alloys exhibit better optical limiting effect than the pure metals. This 
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could be attributed to the higher thermal stability of the former. Non-linear 
scattering has been found to be the reason for the optical limiting effect. 
Broadband optical limiting effect has been exhibited by the alloy nanoparticles at 
both the visible and IR excitation. 
 
5.2.2 Ultrafast Electron Relaxation Dynamics Study 
 The ultrafast electron relaxation dynamics of the gold and alloy 
nanoparticles has been studied using the femtosecond laser. Excitation of the 
particles at 400 nm results in a Plasmon bleach at a wavelength near their 
Plasmon band absorption maximum. The relaxation of the electrons via electron-
phonon and phonon-phonon coupling was detected in the experimental setup. The 
electron-phonon relaxation dynamics of one of the alloys have not been found to 
significantly differ from that of the Au particles. However for another alloy with a 
higher silver content, the relaxation time has been found to be shorter than the Au 
particles.  
Similar to previous reports, the pump power has an effect on the electron-
phonon relaxation time, which is found to increase with the pump power. 
However, there is an anomaly of the relaxation time decreasing at the highest 
pump power used. This has been attributed to photo-induced damage of the 
nanoparticles. The phonon-phonon relaxation on the other hand, has no apparent 
dependence on the pump intensity. 
